These lectures provide an introduction to possible new physics beyond the Standard Model. Having in mind first of all accelerator experiments of the nearest future, we concentrate on supersymmetry, a new symmetry that relates bosons and fermions, as the first target of experimental search. Since supersymmetry is widely covered in the literature, we mostly consider novel developments and applications to hadron colliders. We then describe the so-called extra dimensional models and discuss their possible manifestations.
Supersymmetry has already more than 30 years of history and is very widely covered in the literature [1] and in text books [2] [3] [4] [5] . Moreover, I myself gave lectures on SUSY at the 2000 European School on High Energy Physics [6] . So I decided not to repeat the whole subject but to keep the main line and to concentrate on the novel developments. In 2000, the large electron-positron collider (LEP) was still running and obviously our main expectations to discover supersymmetry were connected with it. Unfortunately this did not happen. Today we are looking forward to hadron colliders, and these are my main concern in these lectures. At the same time, in recent years we have celebrated unprecedented development in astroparticle experiments. This is the new area to look for new physics and, in particular, for the manifestation of SUSY. Therefore, I cover partly the motivations of SUSY in astrophysics and the influence of new astroparticle data on SUSY models.
When choosing the topic of extra dimensions, I am aware of the fact that this deserves special lectures. At the same time, this subject is still an actively developing field and many changes in the ideas and preferences are possible. So I decided to give an overview without discussing theoretical problems (which are many) and to present possible experimental signatures since people are already looking for them. I do not aim to provide here any complete coverage, but to give a flavour of the field.
Supersymmetry

Introduction: What is supersymmetry?
Supersymmetry (SUSY) is a boson-fermion symmetry that is aimed to unify all forces in Nature, including gravity, within a singe framework. Modern views on SUSY in particle physics are based on string paradigm, though the low energy manifestations of SUSY can possibly be found at modern colliders and in non-accelerator experiments.
Supersymmetry emerged from the attempts to generalize the Poincaré algebra to mix representations with different spin [7] . It happened to be a problematic task due to the no-go theorems preventing such generalizations [8] . The way out was found by introducing the so-called graded Lie algebras, i.e., adding the anti-commutators to the usual commutators of the Lorentz algebra. Such a generalization, described below, appeared to be the only one possible within relativistic field theory.
If Q is a generator of SUSY algebra, then acting on a boson state it produces a fermion state and vice versa:Q |boson = |fermion and Q|fermion = |boson .
Since bosons commute with each other and fermions anticommute, one immediately finds that SUSY generators should also anticommute, they must be fermionic, i.e., they must change the spin by a half-odd amount and change the statistics. Indeed, the key element of SUSY algebra is
where Q andQ are SUSY generators and P µ is the generator of translation, the four-momentum.
In what follows, we describe SUSY algebra in more detail and construct its representations which are needed to build a SUSY generalization of the Standard Model (SM) of fundamental interactions. Such a generalization is based on a softly broken SUSY quantum field theory and contains the SM as a low energy theory.
Supersymmetry promises to solve some problems of the SM and of Grand Unified Theories (GUTs) . In what follows, we describe SUSY as a nearest option for the new physics on a TeV scale.
Motivation of SUSY in particle physics
There are several motivations for the introduction of SUSY in particle physics. Most of them are related to ideas of unification of all the forces of Nature within the same framework. The incomplete set is -unification with gravity, -unification of gauge couplings, -solution of the hierarchy problem, -superstring consistency, -dark matter in the Universe.
Probably the most challenging of these is the unification with gravity, which is believed to happen within supergravity, which in turn is the low energy limit of a string theory. I have considered these arguments in some detail in my lectures [6] and will not repeat myself here. Instead I will concentrate on the last motivation, which has become popular in recent times because of new data coming from astroparticle experiments.
Astrophysics and cosmology
Shining matter is not the only type of matter in the Universe: A considerable amount consists of 'dark matter'. The direct evidence for the presence of dark matter are the rotation curves of galaxies (see Fig. 1 ) [9] . What is shown here is the rotation speed of the planets of the solar system (left) and the stars in some typical spiral galaxy (right) as a function of distance from the Sun and centre of the galaxy, respectively. One can see that in the solar system all the planets perfectly fit the curve obtained from Newton mechanics. Centrifugal force is equal to gravitational force:
At the same time, if one looks at stars in the galaxy, one finds a completely different picture. To explain these curves, one has to assume the existence of a galactic halo made of non-shining matter which takes part in gravitational interaction. The flat rotation curves of spiral galaxies provide the most direct evidence for the existence of a large amount of dark matter. Spiral galaxies consist of a central bulge and a very thin disc, and are surrounded by an approximately spherical halo of dark matter.
According to the latest data [10] , the matter content of the Universe is the following:
Therefore, there is almost six times more dark matter than usual matter in the Universe.
There are two possible types of dark matter: hot dark matter, consisting of light relativistic particles, and cold dark matter, consisting of massive weakly interacting particles (WIMPs). The hot dark matter might consist of neutrinos; however, this has problems with galaxy formation. As for the cold dark matter, it has no candidates within the SM. At the same time, SUSY provides an excellent candidate for the cold dark matter: the neutralino, the lightest superparticle.
Basics of supersymmetry
Referring the interested reader to Ref. [6] for details, we present here the main ideas and building blocks for constructing a supersymmetric quantum field theory.
Algebra of SUSY
Combined with the usual Poincaré and internal symmetry algebra, the Super-Poincaré Lie algebra contains additional SUSY generators Q i α andQ iα [2] :
[B r , B s ] = iC where α, β,α,β = 1, 2 are the spinorial indices, P µ and M µν are four-momentum and angular momentum operators, respectively, B r are the internal symmetry generators, Q i andQ i are the spinorial SUSY generators and Z ij are the so-called central charges, i, j = 1, 2, . . . , N . In the simplest case one has one spinor generator Q α (and the conjugated oneQα) that corresponds to an ordinary or N=1 supersymmetry. When N > 1 one has an extended supersymmetry. In what follows we consider the simplest N=1 case used for phenomenology.
To construct the representations of SUSY algebra (particle states in SUSY model) we start with some state labelled by energy and helicity, i.e., projection of a spin on the direction of momenta |E, λ , and act on it with the SUSY generatorQ. Then one obtains the other state with the same energy (because the SUSY generator commutes with P µ ) but different helicity,
Due to the nilpotent character of SUSY generators (2), the repeated action of the generatorQ gives zero. This is common for N=1 SUSY. One has two states, one bosonic and one fermionic. This is a generic property of any supersymmetric theory: the number of bosons equals that of fermions. However, in CPTinvariant theories the number of states is doubled, since CPT transformation changes the sign of helicity. Hence, in CPT-invariant theories, one has to add the states with opposite helicity to the above-mentioned ones.
Consider some examples. Let us take λ = 0. Then one has the following complete multiplet of SUSY:
CPT =⇒ number of states 1 1 number of states 1 1 which contains one complex scalar and one spinor with two helicity states.
The other multiplet can be obtained if one starts with λ = 1/2. Then one has helicity 1/2 1 helicity
CPT =⇒ number of states 1 1 number of states 1 1
This multiplet contains one spinor field and one massless vector.
Thus, one has two types of supermultiplets: the so-called chiral multiplet with λ = 0, which contains two physical states (φ, ψ) with spin 0 and 1/2, respectively, and the vector multiplet with λ = 1/2, which also contains two physical states (λ, A µ ) with spin 1/2 and 1, respectively. These multiplets are used to describe quarks, leptons and vector bosons in SUSY generalization of the SM.
Superspace and superfields
An elegant formulation of SUSY transformations and invariants can be achieved in the framework of superspace [3] . Superspace differs from the ordinary Euclidean (Minkowski) space by the addition of two new coordinates, θ α andθα, which are Grassmannian, i.e., anticommuting, variables:
Thus, we go from space to superspace:
Supersymmetry transformation in superspace looks like an ordinary translation but in Grassmannian coordinates
where ε andε are Grassmannian transformation parameters. From Eq. (4) one can easily obtain the representation for the supercharges (2), the generators of supersymmetry, acting on the superspace:
To define the fields on a superspace, consider representations of the Super-Poincaré group (2) [2] . The simplest N=1 SUSY multiplets that we discussed earlier are the chiral one Φ(y, θ) (y = x + iθσθ) and the vector one V (x, θ,θ). Being expanded in Taylor series over Grassmannian variables θ andθ, they give
The coefficients are ordinary functions of x, the usual fields. They are called the components of a superfield. Equation (6) has two bosonic (complex scalar field A) and two fermionic (Weyl spinor field ψ) degrees of freedom. The component fields A and ψ are called the superpartners. The field F is an auxiliary field, it has the 'wrong' dimension and has no physical meaning. It is needed to close the algebra (2) . One can get rid of the auxiliary fields with the help of equations of motion.
Thus, a superfield contains an equal number of bosonic and fermionic degrees of freedom. Under SUSY transformation they convert into one another:
Notice that the variation of the F -component is a total derivative, i.e., it vanishes when integrated over the space-time.
The vector superfield is real V = V + . It has the following Grassmannian expansion:
The physical degrees of freedom corresponding to a real vector superfield V are the vector gauge field v µ and the Majorana spinor field λ. All other components are unphysical and can be eliminated. Indeed, one can choose a gauge (the Wess-Zumino gauge) where C = χ = M = N = 0, leaving one with only physical degrees of freedom except for the auxiliary field D. In this gauge
One can define also a field strength tensor (as analog of F µν in gauge theories):
Here D s are the supercovariant derivatives. In the Wess-Zumino gauge the strength tensor is a polynomial over component fields:
where
In the Abelian case, Eqs. (10) are simplified and take the form
Construction of SUSY Lagrangians
Let us start with the Lagrangian which has no local gauge invariance. In the superfield notation, SUSYinvariant Lagrangians are the polynomials of superfields. In the same way that an ordinary action is an integral over space-time of Lagrangian density, in the supersymmetric case the action is an integral over the superspace. The space-time Lagrangian density is [2, 3] 
where the first part is a kinetic term and the second one is a superpotential W. We use here integration over the superspace according to the rules of Grassmannian integration [11] :
Performing explicit integration over the Grassmannian parameters, we get from Eq. (12)
The last two terms are the interaction ones. To obtain a familiar form of the Lagrangian, we have to solve the constraints
Expressing the auxiliary fields F and F * from these equations, one finally gets
where the scalar potential V = F * k F k . We will return to the discussion of the form of the scalar potential in SUSY theories later.
Consider now the gauge-invariant SUSY Lagrangians. They should contain gauge-invariant interaction of the matter fields with the gauge ones and the kinetic term and the self-interaction of the gauge fields.
Let us start with the gauge-field kinetic terms. In the Wess-Zumino gauge, one has
is the usual covariant derivative and the last, the so-called topological θ term, is the total derivative. The gauge-invariant Lagrangian now has a familiar form:
To obtain a gauge-invariant interaction with matter chiral superfields, one has to modify the kinetic term by inserting the bridge operator Φ
A complete SUSY-and gauge-invariant Lagrangian then has the form
where W is a superpotential, which should be invariant under the group of symmetry of a particular model. In terms of component fields, the above Lagrangian takes the form
Integrating out the auxiliary fields D a and F i , one reproduces the usual Lagrangian.
The scalar potential
Contrary to the SM, where the scalar potential is arbitrary and is defined only by the requirement of the gauge invariance, in supersymmetric theories it is completely defined by the superpotential. 
The equation of motion reads
Substituting it back into Eq. (22) yields the D-term part of the potential
where D is given by Eq. (23).
The F -term contribution can be derived from the matter field self-interaction Eq. (13) . For a general type superpotential W , one has
Using the equations of motion for the auxiliary field F i ,
yields
where F is given by Eq. (26) . The full potential is the sum of the two contributions,
Thus, the form of the Lagrangian is practically fixed by symmetry requirements. The only freedom is the field content, the value of the gauge coupling g, Yukawa couplings y ijk and the masses. Because of the renormalizability constraint V ≤ A 4 , the superpotential should be limited by W ≤ Φ 3 as in Eq. (12) . All members of a supermultiplet have the same masses, i.e., bosons and fermions are degenerate in masses. This property of SUSY theories contradicts the phenomenology and requires SUSY breaking.
Spontaneous breaking of SUSY
Since supersymmetric algebra leads to mass degeneracy in a supermultiplet, it should be broken to explain the absence of superpartners at modern energies. There are several ways of SUSY breaking. It can be broken either explicitly or spontaneously. In performing SUSY breaking, one has to be careful not to spoil the cancellation of quadratic divergencies which allows one to solve the hierarchy problem. This is achieved by spontaneous breaking of SUSY.
Apart from non-supersymmetric theories, in SUSY models the energy is always non-negative definite. Indeed, according to quantum mechanics E = 0| H |0 and due to SUSY algebra Eq. (2) {Q α ,Qβ} = 2(σ µ ) αβ P µ , taking into account that T r(σ µ P µ ) = 2P 0 , one gets
Therefore, SUSY is spontaneously broken, i.e., vacuum is not invariant (Q α |0 = 0), if and only if the minimum of the potential is positive (i.e., E 0).
Spontaneous breaking of SUSY is achieved in the same way as the electroweak symmetry breaking. One introduces the field whose vacuum expectation value is non-zero and breaks the symmetry. However, owing to a special character of SUSY, this should be a superfield whose auxiliary F and D components acquire non-zero vacuum expectation values. Thus, among possible spontaneous SUSYbreaking mechanisms one distinguishes the F and D ones. i) Fayet-Iliopoulos (D-term) mechanism [12] . In this case, the linear D-term is added to the Lagrangian
It is gauge and SUSY invariant by itself; however, it may lead to spontaneous breaking of both of them depending on the value of ξ. We show in Fig. 2a the sample spectrum for two chiral matter multiplets. The drawback of this mechanism is the necessity of U (1) gauge invariance. It can be used in SUSY generalizations of the SM but not in GUTs. The mass spectrum also causes some troubles since the following sum rule is valid:
which is bad for phenomenology.
ii) O'Raifeartaigh (F -term) mechanism [13] . In this case, several chiral fields are needed and the superpotential should be chosen in such a way that trivial zero vacuum expectation values for the auxiliary F -fields are absent. For instance, choosing the superpotential to be
, one gets the equations for the auxiliary fields
which have no solutions with F i = 0 and SUSY is spontaneously broken. The sample spectrum is shown in Fig. 2b .
The drawback of this mechanism is a lot of arbitrariness in the choice of potential. The sum rule of Eq. (30) is also valid here.
Unfortunately, none of these mechanisms explicitly works in SUSY generalizations of the SM. None of the fields of the SM can develop non-zero vacuum expectation values for their F or D components without breaking SU (3) or U (1) gauge invariance since they are not singlets with respect to these groups. This requires the presence of extra sources of spontaneous SUSY breaking, which we consider below. They are based, however, on the same F and D mechanisms.
SUSY generalization of the Standard Model: the MSSM
As has been already mentioned, in SUSY theories the number of bosonic degrees of freedom equals that of fermionic ones. At the same time, in the SM one has 28 bosonic and 90 (96 with right-handed neutrino) fermionic degrees of freedom. So the SM is to a great extent non-supersymmetric. Trying to add some new particles to supersymmetrize the SM, one should take into account the following observations: -There are no fermions with quantum numbers of the gauge bosons.
-Higgs fields have non-zero vacuum expectation values; hence they cannot be superpartners of quarks and leptons since this would induce spontaneous violation of baryon and lepton numbers. -One needs at least two complex chiral Higgs multiplets to give masses to up and down quarks.
The last of these is due to the form of a superpotential and chirality of matter superfields. Indeed, the superpotential should be invariant under the SU (3) × SU (2) × U (1) gauge group. If one looks at the Yukawa interaction in the SM, one finds that it is indeed U (1) invariant since the sum of hypercharges in each vertex equals zero. In the last term this is achieved by taking the conjugated Higgs doublet H = iτ 2 H † instead of H. However, in SUSY H is a chiral superfield; hence a superpotential, which is constructed out of chiral fields, can contain only H but notH which is an antichiral superfield.
Another reason for the second Higgs doublet is related to chiral anomalies. It is known that chiral anomalies spoil the gauge invariance and, hence, the renormalizability of the theory. They are canceled in the SM between quarks and leptons in each generation. However, if one introduces a chiral Higgs superfield, it contains higgsinos, which are chiral fermions and contain anomalies. To cancel them, one has to add the second Higgs doublet with the opposite hypercharge. Therefore, the Higgs sector in SUSY models is inevitably enlarged, containing an even number of doublets.
Conclusion:
In SUSY models, supersymmetry associates known bosons with new fermions and known fermions with new bosons.
The field content
Consider the particle content of the Minimal Supersymmetric Standard Model (MSSM) [6, 14] . According to the previous discussion, in the minimal version we double the number of particles (introducing a superpartner to each particle) and add another Higgs doublet (with its superpartner). Thus, the characteristic feature of any supersymmetric generalization of the SM is the presence of superpartners (see Fig. 3 ) [15] . If supersymmetry is exact, superpartners of ordinary particles should have the same masses and have to be observed. The absence of them at modern energies is believed to be explained by the fact that their masses are very heavy, which means that supersymmetry should be broken. Table 1 shows the particle content of the MSSM. 
Superfield
Bosons
The presence of an extra Higgs doublet in SUSY models is a novel feature of the theory. In the MSSM one has two doublets with the quantum numbers (1, 2, −1) and (1, 2, 1), respectively:
where v i are the vacuum expectation values of the neutral components.
Hence, one has 8 = 4 + 4 = 5 + 3 degrees of freedom. As in the case of the SM, three degrees of freedom can be gauged away, and one is left with five physical states compared with one in the SM. Thus, in the MSSM, as actually in any of two Higgs doublet models, one has five physical Higgs bosons: two CP-even neutral, one CP-odd neutral and two charged. We consider the mass eigenstates below.
Lagrangian of the MSSM
The Lagrangian of the MSSM consists of two parts: the first is SUSY generalization of the SM, while the second represents the SUSY breaking as mentioned above.
The index R in a superpotential refers to the so-called R-parity [16] . The first part of W is R-symmetric
where i, j = 1, 2, 3 are the SU (2) and a, b = 1, 2, 3 are the generation indices; colour indices are suppressed. This part of the Lagrangian almost exactly repeats that of the SM except that the fields are now the superfields rather than the ordinary fields of the SM. The only difference is the last term which describes the Higgs mixing. It is absent in the SM since there is only one Higgs field there.
The second part is R-nonsymmetric
These terms are absent in the SM. The reason is very simple: one can not replace the superfields in Eq. (34) with the ordinary fields like in Eq. (33) because of the Lorentz invariance. These terms have a different property: they violate either lepton [the first three terms in Eq. (34)] or baryon number (the last term). Since neither effect is observed in Nature, these terms must be suppressed or excluded. One can avoid such terms if one introduces a special symmetry called the R-symmetry. This is the global
which is reduced to the discrete group Z 2 , called the R-parity. The R-parity quantum number is given by R = (−1) 3(B−L)+2S for particles with spin S. Thus, all the ordinary particles have the R-parity quantum number equal to R = +1, while all the superpartners have R-parity quantum number equal to R = −1. The R-parity obviously forbids the W N R terms. However, it may well be that these terms are present, though experimental limits on the couplings are very severe [17] :
Properties of interactions
If one assumes that the R-parity is preserved, then the interactions of superpartners are essentially the same as in the SM, but two of three particles involved in an interaction at any vertex are replaced by superpartners. The reason for this is the R-parity. Conservation of the R-parity has two consequences:
-The superpartners are created in pairs.
-The lightest superparticle (LSP) is stable. Usually it is the photinoγ, the superpartner of a photon with some admixture of neutral higgsino.
Typical vertices are shown in Fig. 4 . The tilde above a letter denotes the corresponding superpartner. Note that the coupling is the same in all the vertices involving superpartners. 
Fig. 4:
Gauge-matter interaction (top), gauge self-interaction (middle) and Yukawa-type interaction (bottom)
Creation and decay of superpartners
The above-mentioned rule, together with the Feynman rules for the SM, enables one to draw the diagrams describing the creation of superpartners. One of the most promising processes is e + e − annihilation (see Fig. 5 ).
Fig. 5: Creation of superpartners
The usual kinematic restriction is given by the c.m. energy m max sparticle ≤ √ s 2 . Similar processes take place at hadron colliders, with electrons and positrons being replaced by quarks and gluons.
Creation of superpartners can be accompanied by creation of ordinary particles. We consider
Fig. 6: Decay of superpartners
various experimental signatures for e + e − and hadron colliders below. They crucially depend on SUSY breaking pattern and on the mass spectrum of superpartners.
The decay properties of superpartners also depend on their masses. For the quark and lepton superpartners the main processes are shown in Fig. 6 .
When the R-parity is conserved, new particles will eventually give neutralinos (the lightest superparticle), whose interactions are comparable to those of neutrinos and which leave undetected. Therefore, their signature would be missing energy and transverse momentum. Thus, if supersymmetry exists in Nature and if it is broken somewhere below 1 TeV, it will be possible to detect it in the very near future.
Breaking of SUSY in the MSSM
Since none of the fields of the MSSM can develop non-zero vacuum expectation values to break SUSY without spoiling the gauge invariance, it is supposed that spontaneous SUSY breaking takes place via some other fields. The most common scenario for producing low-energy SUSY breaking is called the hidden sector scenario [18] , according to which there exist two sectors: usual matter belongs to the 'visible' one, while the second, 'hidden' sector, contains fields which lead to breaking of SUSY. These two sectors interact with each other by exchange of some fields called messengers, which mediate SUSY breaking from the hidden to the visible sector. There might be various types of messenger fields: gravity, gauge, etc. The hidden sector is the weakest part of the MSSM. It contains a lot of ambiguities and leads to uncertainties of the MSSM predictions considered below.
So far there are four main mechanisms known to mediate SUSY breaking from a hidden to a visible sector:
-gravity mediation (SUGRA) [19] ; -gauge mediation [20] ; -anomaly mediation [21] ; -gaugino mediation [22] .
All four mechanisms of soft SUSY breaking are different in details but common in results. Predictions for the sparticle spectrum depend on the mechanism of SUSY breaking. For comparison of the four above-mentioned mechanisms we show in Fig. 7 the sample spectra as the ratio to the gaugino mass M 2 [23] .
Fig. 7: Superparticle spectra for various mediation mechanisms
In what follows, to calculate the mass spectrum of superpartners, we need an explicit form of SUSY breaking terms. For the MSSM and without the R-parity violation, one has
where we have suppressed the SU (2) indices. Here ϕ i are all scalar fields,λ α are the gaugino fields, Q,Ũ ,D andL,Ẽ are the squark and slepton fields, respectively, and H 1,2 are the SU(2) doublet Higgs fields.
Equation (36) contains a vast number of free parameters, which spoils the prediction power of the model. To reduce their number, we adopt the so-called universality hypothesis, i.e., we assume the universality or equality of various soft parameters at a high energy scale. Namely, following the so-called mSUGRA SUSY-breaking scenario, we put all the spin-0 particle masses to be equal to the universal value m 0 , all the spin-1/2 particle (gaugino) masses to be equal to m 1/2 and all the cubic and quadratic terms, proportional to A and B, to repeat the structure of the Yukawa superpotential (33) . This is an additional requirement motivated by the supergravity mechanism of SUSY breaking. Universality is not a necessary requirement and one may consider nonuniversal soft terms as well. However, it will not change the qualitative picture presented below; so for simplicity, in what follows we consider the universal boundary conditions. In this case, Eq. (36) takes the form
The soft terms explicitly break SUSY. As will be shown later, they lead to the mass spectrum of superpartners different from that of ordinary particles. Remember that the masses of quarks and leptons remain zero until SU (2) invariance is spontaneously broken.
The soft terms and the mass formulas
There are two main sources of the mass terms in the Lagrangian: the D terms and soft ones. With given values of m 0 , m 1/2 , µ, Y t , Y b , Y τ , A, and B one can construct the mass matrices for all the particles. Knowing them at the GUT scale, one can solve the corresponding RG equations, thus linking the values at the GUT and electroweak scales. Substituting these parameters into the mass matrices, one can predict the mass spectrum of superpartners [24, 25] . Gaugino-higgsino mass terms. The mass matrix for gauginos, the superpartners of the gauge bosons, and for higgsinos, the superpartners of the Higgs bosons, is nondiagonal, thus leading to their mixing. The mass terms look like
where λ a , a = 1, 2, . . . , 8, are the Majorana gluino fields and
are, respectively, the Majorana neutralino and Dirac chargino fields.
The neutralino mass matrix is
where tan β = v 2 /v 1 is the ratio of two Higgs vacuum expectation values and sin W = sin θ W is the usual sine of the weak mixing angle. The physical neutralino masses Mχ0 i are obtained as eigenvalues of this matrix after diagonalization.
For charginos one has
This matrix has two chargino eigenstatesχ ± 1,2 with mass eigenvalues
Squark and slepton masses. Non-negligible Yukawa couplings cause a mixing between the electroweak eigenstates and the mass eigenstates of the third generation particles. The mixing matrices for
and the mass eigenstates are the eigenvalues of these mass matrices. For the light generations the mixing is negligible.
The first terms here (m 2 ) are the soft ones, which are calculated using the RG equations starting from their values at the GUT (Planck) scale. The second terms are the usual masses of quarks and leptons and the last ones are the D-terms of the potential.
The Higgs potential
As has already been mentioned, the Higgs potential in the MSSM is totally defined by superpotential W and the soft terms. Because of the structure of W, the Higgs self-interaction is given by the D-terms while the F -terms contribute only to the mass matrix. The tree-level potential is
Notice that the Higgs self-interaction coupling in Eq. (43) is fixed and defined by the gauge interactions as opposed to the SM.
The potential (43) , in accordance with supersymmetry, is positive definite and stable. It has no nontrivial minimum different from zero. Indeed, let us write the minimization condition for the potential (43):
where we have introduced the notation
Solution of Eqs. (44) and (45) can be expressed in terms of v 2 and sin 2β:
One can easily see from Eq. (46) that if m 2 1 = m 2 2 = m 2 0 + µ 2 0 , v 2 happens to be negative, i.e., the minimum does not exist. In fact, real positive solutions to Eqs. (44) and (45) 
which is not the case at the GUT scale. This means that spontaneous breaking of the SU (2) gauge invariance, which is needed in the SM to give masses for all the particles, does not take place in the MSSM.
This strong statement is valid, however, only at the GUT scale. Indeed, going down with energy, the parameters of the potential (43) are renormalized. They become the 'running' parameters with the energy scale dependence given by the RG equations. The running of the parameters leads to a remarkable phenomenon known as radiative spontaneous symmetry breaking, to be discussed below.
Provided conditions (47) are satisfied, the mass matrices at the tree level are as follows. CP-odd components P 1 and P 2 :
CP-even neutral components S 1 and S 2 :
Charged components H − and H + :
Diagonalizing the mass matrices, one gets the mass eigenstates:
Neutral CP=-1 Higgs ,
Charged Higgs , h = − sin αS 1 + cos αS 2 , SM Higgs boson CP=1 , H = cos αS 1 + sin αS 2 , Extra heavy Higgs boson , where the mixing angle α is given by the equation tan 2α = tan 2β
The physical Higgs bosons acquire the following masses [14] :
For CP-even neutral Higgses H, h,
where, as usual,
This leads to the once celebrated SUSY mass relations
Thus, the lightest neutral Higgs boson happens to be lighter than the Z boson, which clearly distinguishes it from the SM one. Though we do not know the mass of the Higgs boson in the SM, there are several indirect constraints leading to the lower boundary of m SM h ≥ 135 GeV [26] . After including the radiative corrections, the mass of the lightest Higgs boson in the MSSM, m h , however, increases. We consider it in more detail below.
Renormalization group analysis
To calculate the low energy values of the soft terms, we use the corresponding RG equations. The one-loop RG equations for the rigid MSSM couplings are [27] 
where we use the notationα = α/4π = g 2 /16π 2 , Y = y 2 /16π 2 .
For the soft terms, one finds
Having all the RG equations, one can now find the RG flow for the soft terms. Taking the initial values of the soft masses at the GUT scale in the interval 10 2 -10 3 GeV, consistent with the SUSY scale suggested by unification of the gauge couplings [6, 28] , leads to the RG flow of the soft terms shown in Fig. 8 [24, 25] . One should mention the following general features common to any choice of initial conditions:
1. The gaugino masses follow the running of the gauge couplings and split at low energies. The gluino mass runs faster than the others and is usually the heaviest due to the strong interaction. 2. The squark and slepton masses also split at low energies, the stops (and sbottoms) being the lightest due to relatively big Yukawa couplings of the third generation. 3. The Higgs masses (or at least one of them) run down very quickly and may even become negative.
Typical dependence of the mass spectra on the initial conditions (m 0 ) is also shown in Fig. 9 [29] . For a given value of m 1/2 the masses of the lightest particles are practically independent of m 0 , while the heavier ones increase with it monotonically. One can see that the lightest neutralinos and charginos, as well as the stop squark, may be rather light.
The running of the Higgs masses leads to the phenomenon known as radiative electroweak symmetry breaking. Indeed, one can see in Fig. 8 that m 2 2 (or both m 2 1 and m 2 2 ) decreases when going down from the GUT scale to the M Z scale and can even become negative. As a result, at some value of Q 2 the conditions (47) are satisfied, so that the nontrivial minimum appears. This triggers spontaneous breaking of the SU (2) gauge invariance. The vacuum expectations of the Higgs fields acquire non-zero values and provide masses to quarks, leptons and SU (2) gauge bosons, and additional masses to their superpartners.
In this way one also obtains the explanation of why the two scales are so different. Because of the logarithmic running of the parameters, one needs a long 'running time' to get m to be negative when starting from a positive value of the order of M SUSY ∼ 10 2 -10 3 GeV at the GUT scale.
Constrained MSSM
Parameter space of the MSSM
The Minimal Supersymmetric Standard Model has the following free parameters:
i) three gauge couplings α i ; ii) three matrices of the Yukawa couplings y i ab , where i = L, U, D; iii) the Higgs field mixing parameter µ; iv) the soft SUSY breaking parameters.
Compared to the SM there is an additional Higgs mixing parameter, but the Higgs self-coupling, which is arbitrary in the SM, is fixed by SUSY. The main uncertainty comes from the unknown soft terms.
With the universality hypothesis one is left with the following set of five free parameters defining the mass scales:
µ, m 0 , m 1/2 , A and B ↔ tan β = v 2 v 1 .
While choosing parameters and making predictions, one has two possible ways to proceed.
i) Take the low-energy parameters like superparticle massesm t 1 ,m t 2 , m A , tan β, mixings X stop , µ, etc., as input and calculate cross-sections as functions of these parameters.
ii) Take the high-energy parameters like the above-mentioned five soft parameters as input, run the RG equations and find the low-energy values. Now the calculations can be carried out in terms of the initial parameters. The experimental constraints are sufficient to determine these parameters, albeit with large uncertainties.
Both of these ways are used in a phenomenological analysis. We show below how it works in practice.
The choice of constraints
When imposing constraints on the MSSM, perhaps the most remarkable fact is that all of them can be fulfilled simultaneously. In our analysis we impose the following constraints on the parameter space of the MSSM.
-Gauge coupling constant unification. This is one of the most restrictive constraints, which we discussed in Ref. [6] . It fixes the scale of SUSY breaking of an order of 1 TeV. -M Z from electroweak symmetry breaking (EWSB).
Radiative EWSB [see Eq. (46)] defines the mass of the Z-boson:
This condition determines the value of µ 2 for given values of m 0 and m 1/2 . -Yukawa coupling constant unification.
The masses of top, bottom and tau can be obtained from the low-energy values of the running Yukawa couplings via
They can be translated to the pole masses with account taken of the radiative corrections. The requirement of bottom-tau Yukawa coupling unification, i.e., equality of b-quark and τ -lepton masses at the GUT scale, strongly restricts the possible solutions in the m t versus tan β plane [30] , as can be seen from We take the branching ratio BR(b → sγ) which was measured by the CLEO [31] collaboration and later by ALEPH [32] and yields the world average of BR(b → sγ) = (3.14 ± 0.48) · 10 −4 . The SM contribution to this process gives a slightly lower result, thus leaving a window for SUSY. This requirement imposes severe restrictions on the parameter space, especially for the case of large tan β. -Anomalous magnetic moment of muon.
Recent measurement of the anomalous magnetic moment indicates small deviation from the SM of the order of 2 σ. The deficiency may be easily filled with a SUSY contribution, which is proportional to µ. This requires a positive sign of µ that kills half of the parameter space of the MSSM [33] . -Experimental lower limits on SUSY masses.
SUSY particles have not yet been found and from the searches at LEP one knows that the lower limit on the charged lepton and chargino masses is about half of the centre-of-mass energy [34] . The lower limit on the neutralino masses is smaller. There exist also limits on squark and gluino masses from the hadron colliders [35] . These limits restrict the minimal values for the SUSY mass parameters. -Dark matter constraint.
In the early Universe, all particles were produced abundantly and were in thermal equilibrium through annihilation and production processes. The time evolution of the number density of the particles is given by the Boltzmann equation and can be evaluated by knowing the thermally averaged total annihilation cross-section. The WIMPs fall out of the equilibrium at a temperature of about m χ /22 [36] and a relic cosmic abundance remains. At present, the mass density in units of the critical density is given by [37 ] The amount of neutralinos should not be too big to overclose the Universe and, at the same time, should be sufficent to produce the right amount of dark matter. Taking the value of the Hubble parameter to be h 0 > 0.4, one finds that the contribution of each relic particle species χ has to obey conservative bounds Ω χ h 2 0 ∼ 0.1-0.3. This serves as a very severe bound on SUSY parameters [38] . We show below that recent very precise data from WMAP collaboration, which measured thermal fluctuations of Cosmic Microwave Background radiation and restricted the amount of dark matter in the Universe up to 23 ± 4%, leave a very narrow band of allowed region in parameter space.
Having in mind the above mentioned constraints, one can find the most probable region of the parameter space by minimizing the χ 2 function [25] . We first choose the value of the Higgs mixing parameter µ from the requirement of radiative EWSB, then we take the values of tan β from the requirement of Yukawa coupling unification (see Fig. 10 ). One finds two possible solutions: the low tan β solution corresponding to tan β ≈ 1.7 and the high tan β solution corresponding to tan β ≈ 30-60.
The low tan β solution which predicts light particles was very popular at the time of LEP. Unfortunately, LEP found neither superpartners nor the light Higgs boson. A modern limit on the value of tan β comes from non-observation of the Higgs boson up to 114 GeV: tan β ≥ 3-4. Moreover, since most of the SUSY radiative corrections are proportional to tan β, large values of tan β are preferable.
What is left are the values of the soft parameters A, m 0 and m 1/2 . However, the role of the trilinear coupling A is not essential. In what follows, we consider the plane m 0 , m 1/2 and find the allowed region in this plane. Each point in this plane corresponds to a fixed set of parameters and allows one to calculate the spectrum, the cross-sections, etc.
We present the allowed regions of the parameter space for two typical values of tan β in Fig. 11 . This plot demonstrates the role of various constraints in the χ 2 function. The contours enclose domains by the particular constraints used in the analysis [39] . Figure 12 shows the role of the dark matter constraint (before WMAP).
Taking into account the WMAP data imposes even more severe constraints owing to the very high precision of measurement. This constraint is shown in Fig. 13 as a narrow light blue band [40, 41] . We have taken here a region twice as wide in the m 0 , m 1/2 plane, thus allowing higher masses of superpartners.
The mass spectrum of superpartners
When the parameter set is fixed, one can calculate the mass spectrum of superpartners. Table 2 shows the typical mass spectrum [40] for the large tan β solution. At the bottom of the table are the values of some observables used as constraints and fitted by the choice of parameters. Notice the low values of the masses of the lightest Higgs boson and of the lightest neutralino which is the lightest superparticle (LSP). 
Experimental signatures at e + e − colliders
Experiments are finally beginning to push into a significant region of SUSY parameter space. We know the sparticles and their couplings, but we do not know their masses and mixings. Given the mass spectrum one can calculate the cross-sections and consider the possibilities of observing new particles at modern accelerators. Otherwise, one can get restrictions on unknown parameters.
We start with e + e − colliders. In the leading order, creation of superpartners is given by the diagrams shown in Fig. 5 above. For a given centre-of-mass energy, the cross-sections depend on the mass of created particles and vanish at the kinematic boundary. Experimental signatures are defined by the decay modes which vary with the mass spectrum. The main ones are summarized below. A characteristic feature of all possible signatures is the missing energy and transverse momenta, which is a trade mark of new physics. Numerous attempts to find superpartners at LEP II gave no positive result thus imposing the lower bounds on their masses [34] . They are shown on the parameter plane in Fig. 14. Typical LEP II limits on the masses of superpartners are
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Experimental signatures at hadron colliders
Experimental signatures at hadron colliders are similar to those at e + e − machines; however, here one has much wider possibilities. Besides the usual annihilation channel, identical to the e + e − one with the obvious replacement of electrons by quarks (see Fig. 5 ), one has numerous processes of gluon fusion, quark-antiquark and quark-gluon scattering (see Fig. 15 ). →χ
Note again the characteristic missing energy and transverse momenta events. Contrary to e + e − colliders, at hadron machines the background is extremely rich and essential.
The lightest superparticle
One of the crucial questions is the properties of the lightest superparticle. Different SUSY breaking scenarios lead to different experimental signatures and different LSPs.
-Gravity mediation. In this case, the LSP is the lightest neutralinoχ 0 1 , which is almost 90% photino for a low tan β solution and contains more higgsino admixture for high tan β. The usual signature for LSP is missing energy;χ 0 1 is stable and is the best candidate for the cold dark matter in the Universe. Typical processes, in which the LSP is created end up with jets + E T , or leptons + E T , or jets + leptons + E T . In this case the LSP is the gravitinoG, which also leads to missing energy. The actual question here is what is the NLSP, the next-to-lightest particle. There are two possibilities.
i)χ 0 1 is the NLSP, in which case the decay modes areχ 0 1 → γG, hG, ZG. As a result, one has two hard photons + E T , or jets + E T . ii)l R is the NLSP, in which case the decay mode isl R → τG and the signature is a charged lepton and missing energy.
-Anomaly mediation. In this case, one also has two possibilities.
i)χ 0 1 is the LSP and wino-like. It is almost degenerate with the NLSP. ii)ν L is the LSP, in which case it appears in the chargino decayχ + →νl and the signature is a charged lepton and missing energy.
-R-parity violation. In this case, the LSP is no longer stable and decays into the SM particles. It may be charged (or even coloured) and may lead to rare decays like neutrinoless double β-decay, etc.
Experimental limits on the LSP mass follow from non-observation of the corresponding events. The modern lower limit from LEP is around 40 GeV (see Fig. 16 ).
The Higgs boson mass in the MSSM
One of the hottest topics in the SM now is the search for the Higgs boson. It is also a window to new physics. Below we consider properties of the Higgs boson in the MSSM.
It has already been mentioned that in the MSSM the mass of the lightest Higgs boson is predicted to be less than the Z-boson mass. This is, however, the tree-level result and the masses acquire the radiative corrections. With account taken of the one-loop radiative corrections, the lightest Higgs mass is
One finds that the one-loop correction is positive and increases the mass value. Two-loop corrections have the opposite effect but are smaller [42] .
The Higgs mass depends mainly on the following parameters: the top mass, the squark masses, the mixing in the stop sector and tan β. The maximum Higgs mass is obtained for large tan β, for a maximum value of the top and squark masses and a minimum value of the stop mixing.
The lightest Higgs boson mass m h is shown as a function of tan β in Fig. 17 [43] . The shaded band corresponds to the uncertainty from the stop mass and stop mixing for m t = 175 GeV. The upper and lower lines correspond to m t =170 and 180 GeV, respectively. Combining all the uncertainties, the results for the Higgs mass in the constrained MSSM can be summarized as follows.
-The low tan β scenario (tan β < 3.3) of the constrained MSSM is excluded by the lower limit on the Higgs mass of 113.3 GeV [44] .
-For the high tan β scenario the Higgs mass is found to be [43] m h = 115 ± 3 (stop mass) ± 1.5 (stop mixing) ± 2 (theory) ± 5 (top mass) GeV , where the errors are the estimated standard deviations around the central value.
One can see that LEP came very close to SUSY prediction for the Higgs mass and already ruled out the low tan β scenario. The next step is to be made by Tevatron. Unfortunately, the luminosity of Tevatron at the moment is insufficient to distinguish the Higgs boson from the background. One will have to wait until LHC starts operation.
However, these SUSY limits on the Higgs mass may not be so restricting if non-minimal SUSY models are considered. Even in the Next-to-Minimal model [45] , the Higgs mass at low tan β may be increased by 20-30 GeV. However, more sophisticated models do not change the generic feature of SUSY theories: the presence of the light Higgs boson.
Perspectives of SUSY observation
With the LEP shut-down, further attempts to discover SUSY are concentrated on the Tevatron and LHC hadron colliders.
Tevatron
The Fermilab Tevatron collider will define the high energy frontier of particle physics while CERN's Large Hadron Collider is being built. In the first stage (Run IIa), it has 2 fb −1 of integrated luminosity per experiment at √ s = 2 TeV. In the second stage (Run IIb), the luminosity is expected to reach 15 fb −1 per experiment. However, since it is a hadron collider, not all of the energy goes into collision, some being taken away by those quarks in a proton that do not take part in the interaction. Any direct search is kinematically limited to below 450 GeV.
There exist numerous papers on SUSY searches at the Tevatron [46] [47] [48] [49] . Modern exclusion areas are shown in Fig. 18 [46] for squarks, sneutrinos, and gluinos. They impose limits on the squark and gluino masses: mq ≥ 300 GeV, mg ≥ 195 GeV. 
Fig. 18: Exclusion plots for squarks and sneutrinos (left) and squarks and gluinos (right) at Tevatron
We show in Table 3 [47] the discovery reach of the Tevatron for squarks of the third generation for 20 fb −1 of integrated luminosity. They are still far from the expected masses of superpartners predicted by the MSSM (see Table 2 ). Gluinos and squarks are pair-produced at the Tevatron. One may havegg,gq, andqq pairs. In most of the parameter space accessible at the Tevatron, the left-chiral squark dominantly decays into a quark and either aχ ± 1 or aχ 0 2 . Pair-produced squarks and gluinos have at least two large-E T jets associated with large missing energy. The final state with lepton(s) is possible owing to leptonic decays of theχ ± 1 and/orχ 0 2 . We show also the discovery reach of the Tevatron in the m 0 , m 1/2 parameter plane of the MSSM in the trilepton channel [47] for two values of tan β (see Fig. 19 ). The trilepton signal arises when both the lightest chargino (χ 
LHC
The Large Hadron Collider (LHC) is the ultimate machine for new physics at the TeV scale. Its centreof-mass energy is planned to be 14 TeV with very high luminosity up to a few hundred fb −1 . The LHC is supposed to cover a wide range of parameters of the MSSM (see the figures below) and discover the superpartners with masses below 2 TeV [50] . This will be a crucial test for the MSSM and low-energy SUSY. The LHC potential to discover SUSY is widely discussed in the literature [50] [51] .
The gluino and squark production cross-sections at LHC can reach 1 pb for masses around 1 TeV. Their decays produce missing transverse momentum from the LSP escape plus multiple jets and a varying number of leptons from the intermediate gauginos. The main decay mode is quarks and gluons plus the LSP. Cascade decays and as a consequence of multilepton events are almost negligible. A typical event with cascade squark decay is shown in Fig. 20 . The LHC will be able to discover SUSY with squark and gluino masses up to 2-2.5 TeV for the luminosity L tot = 100 fb . The expected discovery reach for various channels is shown in Figs. 21 and 22. The most powerful signature for squark and gluino detection are multijet events; however, the discovery potential depends on the relation between the LSP, squark, and gluino masses, and decreases with the increase of the LSP mass. g (2000) g (1000) g (500) (2000) g (3000) g (1500) g (1000) g (500)g Slepton pairs produced through the Drell-Yan mechanism pp → γ * /Z * →l +l− can be detected through their leptonic decaysl → l +χ 0 1 . The typical signature used for slepton detection is the dilepton pair with missing energy and no hadronic jets. For the luminosity L tot = 100 fb g (4000) q (3 0 0 0 ) g (2500) g (3000) q ( 2 5 q (1 5 0 0 ) g (1500) g (2000) q (2 5 0 0 ) g (2500 ) q ( 20 00 ) g (3000) q ( discover sleptons with masses up to 400 GeV [50] . The discovery reach for sleptons in various channels is shown in Fig. 23 .
Chargino and neutralino pairs are also produced via the Drell-Yan mechanism pp →χ ± 1χ 0 2
and may be detected through their leptonic decaysχ ± 1χ 0 2 → lll + E miss T . So their main signature is isolated leptons with missing energy. The main background to the three lepton channel comes from W Z/ZZ, tt, Zbb and bb production. There could also be SUSY background arising from squarks and gluino cascade decays into multileptonic modes. In the case of light gauginos and heavy squarks and sleptons, which can be realized in some regions of parameter space of the MSSM, the cross-sections for gaugino production may exceed those of strongly interacting particles. Neutralinos and charginos could be detected, provided their masses are lighter than 350 GeV [50] .
Conclusion
Supersymmetry is now the most popular extension of the Standard Model. It promises us that new physics is round the corner at a TeV scale to be exploited at new machines of this decade. If our expectations are correct, very soon we will face new discoveries, the whole world of supersymmetric particles will show up and the table of fundamental particles will be enlarged at an increasing rate. This would be a great step in understanding the microworld.
Extra dimensions
The main ideas
Extra dimensions have attracted considerable interest in recent years, mainly because of unusual possibilities and intriguing effects even in classical physics. (For a review see, e. g., Refs. [53] . We follow mostly Yu. Kubyshin's paper.) There is not much motivation for extra dimensions (ED) in particle physics, except for the string theory paradigm. The point is that to be consistent the string theory requires cancellation of conformal anomaly, which is possible in the critical dimension equal to 26 for the bosonic string and 10 for the fermionic one [54] . This way the ED come into play. Owing to the presence of entirely new ingredients these models provide solutions to some problems of the SM; in particular, to the hierarchy problem in GUTs.
To explain why we do not see the ED, one usually refers to the so-called Kaluza-Klein picture [55] . It is believed that the space-time has three large spatial dimensions, and small and compact extra ones. We do not see them because the radius of ED is too small for present energies, say, equal to the Planck length, 10 −33 cm. This is shown symbolically in Fig. 24 .
Fig. 24: Two possible constructions of the extra dimensions
At the same time, recently there appeared an alternative explanation. This one is related to the so-called brane-world picture [56] [57] [58] . Here we do not assume small and compact ED, but rather large ones, and the reason we do not see them is that we are 'localized' on a four-dimensional brane in this multidimensional space-time (see Fig. 24 ). This is similar to being confined in a potential well and being unable to escape unless the energy is big enough. To get an example of such a localization, consider some classical solution of the form of a kink [59] . Its energy is localized in the transition region and the corresponding particle seems to be localized in this region (see Fig. 25 ).
Both the pictures or even some combination of them may well be realized in Nature. Below we consider some consequences of such an assumption. 
Kaluza-Klein Approach
The KK approach is based on the hypothesis that the space-time is a (4 + d)-dimensional pseudoEuclidean space [60] :
where M 4 is four-dimensional space-time and K d is d-dimensional compact space of characteristic size (scale) R. In accordance with the direct product structure of the space-time, the metric is usually chosen to be
To interpret the theory as an effective four-dimensional one, the fieldφ(x, y) depending on both coordinates is expanded in a Fourier series over the compact space:
where Y n (y) are orthogonal normalized eigenfunctions of the Laplace operator ∆ K d on the internal space
The coefficients φ (n) (x) of the Fourier expansion (61) are called the Kaluza-Klein modes and play the role of fields of the effective four-dimensional theory. Their masses are given by
where R is the radius of the compact dimension.
The coupling constant g (4) of the four-dimensional theory is related to the coupling constant g (4+d) of the initial (4 + d)-dimensional one by
being the volume of the space of extra dimensions.
Low scale gravity
Consider now the Einstein (4 + d)-dimensional gravity with the action
where the scalar curvature R (4+d) [Ĝ M N ] is calculated using the metricĜ M N . Performing the mode expansion and integrating over K d one arrives at the four-dimensional action
M N ] + non-zero KK modes .
Similar to Eq. (64), the relation between the four-dimensional and (4 + d)-dimensional gravitational (Newton) constants is given by
One can rewrite this relation in terms of the four-dimensional Planck mass M Pl = (G N (4) ) −1/2 = 1.2 · 10 19 GeV and a fundamental mass scale of the
This formula is often referred to as the reduction formula.
Thus, the fundamental scale of a multidimensional theory becomes M rather than M Pl . This way the problem of hierarchy is reduced to a less severe one in extra dimensions. The scale M is not restricted by experimental value of the Newtonian constant and may take values of the order of a few TeV. Assuming M = 1 TeV, one can rewrite Eq. (66) as [57, 61] 
or
Let us analyze various cases. In the case d = 1 it follows from Eq. (67) that R ∼ 10 13 cm, i.e., the size of extra dimensions is of the order of the solar distance. This case is obviously excluded. For d ≥ 2 we obtain the following:
Such sizes of extra dimensions are already acceptable because no deviations from the Newtonian gravity have been observed for distances r ∼ 1 mm so far (see, for example, [62] ). On the other hand, the SM has been accurately checked already at the scale ∼ 100 GeV. To overcome this difficulty, it is supposed [57] that the SM fields are localized on the four-dimensional brane while only gravitons propagate in the bulk.
At the same time, these conclusions strongly depend on the choice of the scale M . If one takes a bigger scale, the corresponding radius decreases very fast (see Fig. 26 ).
The presence of ED leads to the modification of classical gravity. The Newton potential between two test masses m 1 and m 2 , separated by a distance r, is in this case equal to The first term in the last bracket is the contribution of the usual massless graviton (zero mode) and the second term is the contribution of the massive gravitons. For a large enough R (i.e., for a small enough spacing between the modes), this sum can be replaced by the integral and one gets [57] 
where S d−1 is the area of the (d − 1)-dimensional sphere of the unit radius. This leads to the following behaviour of the potential at short and long distances:
Thus, one has a modification of classical gravity at small distances, which may have observational consequences.
The ADD model
The ADD model was proposed by N. Arkani-Hamed, S. Dimopoulos and G. Dvali in Ref. [57] . The model includes the SM localized on a three-dimensional brane embedded into the (4 + d)-dimensional space-time with compact extra dimensions. The gravitational field is the only field which propagates in the bulk.
To analyze the field content of the effective (dimensionally reduced) four-dimensional model, consider the fieldĥ M N (x, y) describing the linear deviation of the metric around the
Let us assume, for simplicity, that the space of extra dimensions is the d-dimensional torus. Performing the KK mode expansionĥ
HEP phenomenology
There are two types of process at high energies in which the effect of the KK modes of the graviton can be observed at running or planned experiments. These are the graviton emission and virtual graviton exchange processes [63] - [67] .
We start with graviton emission, i.e., the reactions where KK gravitons are created as final-state particles. These particles escape from the detector, so that a characteristic signature of such processes is missing energy. Though the rate of production of each individual mode is suppressed by the Planck mass, because of the high multiplicity of KK states the magnitude of the total rate of production is determined by the TeV scale [see Eq. (76)]. Taking Eq. (75) into account, the relevant differential cross-section [63] is
where dσ m /dt is the differential cross section of the production of a single KK mode with mass m.
At e + e − colliders the main contribution comes from the e + e − → γh (n) process. The main background comes from the process e + e − → ννγ and can be effectively suppressed by using polarized beams. Figure 27 shows the total cross-section of graviton production in electron-positron collisions [67] . To the right is the same cross-section as a function of M for √ s = 800 GeV [68] . Effects due to gravitons can also be observed at hadron colliders. A characteristic process at the LHC would be pp → (jet + missing E). The subprocess that gives the largest contribution is the quark-gluon collision qg → qh (n) . Other subprocesses are→ gh (n) and gg → gh (n) .
Processes of another type, in which the effects of extra dimensions can be observed, are exchanges of virtual KK modes, in particular, the virtual graviton exchanges. Contributions to the cross-section from these additional channels lead to deviation from the behaviour expected in the four-dimensional model. An example is e + e − → ff with h (n) being the intermediate state (see Fig. 28 ). Moreover, gravitons can mediate processes absent in the SM at the tree-level, for example, e + e − → HH, e + e − → gg. Detection of such events with large cross-sections may serve as an indication of the existence of extra dimensions.
The s-channel amplitude of a graviton-mediated scattering process is given by [66] where P µν is a polarization factor coming from the propagator of the massive graviton and T µν is the energy-momentum tensor [63] . It contains a kinematic factor
Since the integrals are divergent for d ≥ 2, the cutoff Λ was introduced. It sets the limit of applicability of the effective theory. Because of the cutoff, the amplitude cannot be calculated explicitly without the knowledge of a full fundamental theory. Usually, in the literature it is assumed that the amplitude is dominated by the lowest-dimensional local operator (see Ref. [63] ).
The characteristic feature of expression (79) different from the four-dimensional model is the increase of the cross-section with energy. This is a consequence of the exchange of the infinite tower of the KK modes. Note, however, that this result is based on a tree-level amplitude, while the radiative corrections in this case are power-like and may well change this behaviour.
Typical processes in which the virtual exchange via massive gravitons can be observed are (a) e + e − → γγ; (b) e + e − → ff, for example the Bhabha scattering e + e − → e + e − or Möller scattering e − e − → e − e − ; (c) graviton exchange contribution to the Drell-Yang production. A signal of the KK graviton mediated processes is the deviation in the number of events and in the left-right polarization asymmetry from those predicted by the SM (see Fig. 28 ) [66] .
Brane-world models
The Randall-Sundrum model
The RS model [58] is a model of Einstein gravity in five-dimensional Anti-de Sitter space-time with the extra dimension being compactified to the orbifold S 1 /Z 2 . There are two three-branes in the model located at the fixed points y = 0 and y = πR of the orbifold, where R is the radius of the circle S 1 . The brane at y = 0 is usually referred to as a Planck brane, and the brane at y = πR is called a TeV brane (see Fig. 29 ). The SM fields are constrained to the TeV brane, while gravity propagates in the additional dimension. The possibility to detect the resonance production of the first massive graviton in the protonproton collisions pp → h (1) → e + e − at the LHC depends on the cross-section. The main background processes are pp → Z/γ * → e + e − . The estimated cross-section of the process h (1) → e + e − as a function of M 1 in the RS model is shown in Fig. 32 [71] . One can see that the detection might be possible if M 1 ≤ 2080 GeV .
To be able to conclude that the observed resonance is a graviton and not, for example, a spin-1 Z resonance or a similar particle, it is necessary to check that it is produced by a spin-2 intermediate state 
Spin 2 =>
qq → h (1) → e + e − f (θ) = 1 − 3 cos 2 θ + 4 cos 4 θ , gg → h (1) → e + e − f (θ) = 1 − cos 4 θ .
The analysis, carried out in Ref. [71] , shows that angular distributions allow one to determine the spin of the intermediate state with 90% C.L. for M 1 ≤ 1720 GeV.
As a next step it would be important to check the universality of the coupling of the first massive graviton h (1) by studying various processes, e.g., pp → h (1) → l + l − , jets, γγ, W + W − , HH, etc. If it is kinematically feasible to produce higher KK modes, measuring the spacings of the spectrum will be another strong indication in favour of the RS model. The conclusion is [70] that with the integrated luminosity L = 100 fb −1 the LHC will be able to cover the natural region of parameters [M 1 , η = (k/M Pl )e kπR ] and, therefore, discover or exclude the RS model. This is illustrated on the right-hand side of Fig. 32. 
Conclusion
We finish with a short summary of the main features of the ADD and RS models.
ADD model
1. The model removes the M EW /M Pl hierarchy, but replaces it with the hierarchy
For d = 2 this relation gives R −1 /M ∼ 10 −15 . This hierarchy is of a different type and might be easier to understand or explain, perhaps with no need for SUSY. 2. The model predicts the modification of the Newton law at short distances, which may be checked in precision experiments. 3. For M sufficiently small, high-energy physics effects, predicted by the model, can be discovered at future collider experiments.
